In this study, we have presented the first report of Escherichia coli DnaC protein binding to ssDNA (single stranded DNA) in an apparent hexameric form. DnaC protein transfers DnaB helicase onto a nascent chromosomal DNA replication fork at oriC, the origin of E. coli DNA replication. In eukaryotes, Cdc6 protein may play a similar role in the DNA helicase loading in the replication fork during replication initiation at the origin. We have analysed the DNA-binding properties of DnaC protein and a quantitative analysis of the nucleotide regulation of DnaC-DNA and DnaC-DnaB interactions using fluorescence anisotropy and affinity sensor analysis. DnaC protein bound to ssDNA with low to moderate affinity and the affinity was strictly modulated by nucleotides. DnaC bound ssDNA in the complete absence of nucleotides. The DNA-binding affinity was significantly increased in the presence of ATP, but not ATP [S]. In the presence of ADP, the binding affinity decreased approximately fifty-fold. Both anisotropy and biosensor analyses demonstrated that with DnaC protein, ATP facilitated ssDNA binding, whereas ADP facilitated its dissociation from ssDNA, which is a characteristic of an ATP/ ADP switch. Both ssDNA and nucleotides modulate DnaB 6
INTRODUCTION
In Escherichia coli, three proteins, DnaA, DnaB, and DnaC, are required for the initiation of DNA replication at oriC, the chromosomal origin of replication [1] [2] [3] [4] [5] . DnaA is the initiator protein that binds to three AT-rich repeats in oriC and creates a partial opening of duplex DNA that allows the DnaB • DnaC protein complex to associate with the partially unwound origin [6] . Nevertheless, it is still unclear how DnaB helicase loads on to the open complex, and what the role of DnaC protein in the loading process is. The DnaB protein is a hexamer that acts as the chromosomal replicative helicase, whereas DnaC is required for both modulation of the activities and assisting DnaB helicase to bind to ssDNA (single stranded DNA) at the origin [7] [8] [9] [10] [11] [12] . Therefore, DnaC protein has a pivotal role in initiation and DnaB helicase function. In E. coli, the origin of DNA replication is activated by multiple molecules of DnaA binding DnaA boxes in oriC, leading to opening of the origin and formation of an 'open complex' [6, 13] . DnaA proteins in the open complex recruit DnaB • DnaC complex, presumably through a specific DnaA-DnaB interaction. DNA binding leads to ATP hydrolysis by the DnaB • DnaC complex and release of DnaC protein [14, 15] . In bacteriophage λ, λP protein replaces DnaC and assists DnaB helicase to bind λori (the origin of λ DNA replication) that requires first activation by the λ initiator protein, λO [16] [17] [18] . In eukaryotes, proteins with very similar functions play these roles [19] [20] [21] [22] [23] . In the yeast, Saccharomyces cerevisiae, Cdc6 protein assists MCM (minichromosome maintenance) proteins, that appear to act as a DNA helicase in binding to the origin of replication which is, in turn, activated by the origin recognition complex (ORC) [24] [25] [26] [27] .
Abbreviations used: DnaBW48, a single-tryptophan mutant of DnaB; DTT, dithiothreitol; IPTG, isopropyl β-D-thiogalactoside; ssDNA, single stranded DNA; oriC, the origin of Escherichia coli DNA replication; k on , association rate constant; ORC, origin recognition complex; Fl-oligo(dT) 25 , 5 -fluoresceinlabelled 25 nucleotides single stranded oligo(dT) 25 ; mA , milli anisotropy (units); PBST, PBS containing 0.05 % Tween 20. 1 To whom correspondence should be addressed (e-mail subhasis.biswas@umdnj.edu). 2 Present address: Department of Bioscience Technologies, Thomas Jefferson University, Philadelphia, PA 19107, U.S.A.
Therefore, in its unique role, DnaC protein appears to be a prototype for both prokaryotic and eukaryotic organisms. DnaC protein of E. coli is a 29 kDa monomeric protein [28, 29] . With DnaB helicase, it forms a six-to-six complex resulting in the DnaB 6 • DnaC 6 complex, and the three-dimensional structure of this complex has been revealed by cryo-electron microscopy [30] [31] [32] . We have shown previously by ultraviolet photo-crosslinking studies, that DnaC protein binds ATP and that it first forms a DnaB 6 • DnaC 6 • ATP dead-end ternary complex in which the ATPase activity of DnaB is attenuated [9] .
Studies by Learn et al. [17] indicated alterations in the DNAbinding properties of DnaB helicase in the presence of DnaC or λP proteins. It has been shown that the release of DnaC or λP from the ternary complex is required for rejuvenation of the DnaB ATPase and its coupled DNA helicase activities. Therefore, the DnaB 6 • DnaC 6 • ATP ternary complex first interacts with ssDNA, which is followed by activation of its ATPase and DNA helicase activities. However, it is not clear whether DnaC protein alone can bind ssDNA. Direct DNA-binding studies, such as electrophoretic mobility-shift assays, did not demonstrate DNA binding by DnaC protein [17] . A recent report on the mechanism of DNA helicase loading in Bacillus subtilis demonstrated a somewhat altered mechanism of helicase loading, involving an additional loader protein, in addition to DnaC and DnaA proteins that are involved in E. coli [33] . In addition, we have recently demonstrated that DnaC protein, DnaB helicase, and DnaG primase can form an assembly on short single-stranded oligonucleotides, and synthesize primers that were shorter in the presence of DnaC [34] .
In order to fully delineate the interactions of DnaC protein with ssDNA templates, we have quantitatively characterized the DNA-binding properties of DnaC protein with DNA, under a variety of conditions, using a combination of fluorescence anisotropy [35] [36] [37] [38] and biosensor analysis [39, 40] . Boyer et al. [36] have elegantly demonstrated that fluorescence anisotropy is a unique tool for complete thermodynamic analysis of protein-DNA interactions using a wide variety of DNA-binding proteins and DNA substrates. We have utilized previously the precision of this technique for studying the interactions of E. coli DNA primase with DNA [41] .
MATERIALS AND METHODS

Nucleic acids and other reagents
Radiolabelled and unlabelled oligonucleotides were both purchased from Sigma-Genosys (Cambridge, U.K.) and Fisher Chemicals (Pittsburgh, PA, U.S.A.). Radiolabelled single stranded oligonucleotides were covalently linked with either the fluorescein probe [Fl-oligo(dT) 25 ] or biotin [biotin-oligo(dT) 30 ] at the 5 end. All other reagents used in this study were ACS reagent or spectroscopy grade and obtained from Aldrich Chemical Co., (Milwaukee, WI, U.S.A.). HPLC-grade water was obtained from Fisher Chemicals (Pittsburgh, PA, U.S.A.). Chemicals for fluorescence measurements were purchased from Panvera Corporation (Milwaukee, WI, U.S.A.).
Buffers
Lysis buffer [25 mM Tris/HCl (pH 7.5), 10 % sucrose and 250 mM NaCl]. Buffer A [25 mM Tris/HCl (pH 7.5), 5 mM MgCl 2 , 5 mM dithiothreitol (DTT) and 10 % (v/v) glycerol]. Buffer B [20 mM Hepes/NaOH (pH 7.5), 5 mM MgCl 2 , 5 % (v/v) glycerol, 5 mM DTT and 50 mM NaCl], or as indicated. Buffers for fluorescence anisotropy and biosensor measurements were prepared with HPLC-grade water, fluorescence grade reagents, and filtered through a 0.2 micron nitrocellulose filter. Buffers were examined for background fluorescence before use in anisotropy measurements.
DnaC expression and purification
DnaC gene was amplified by PCR using plasmid pJK101 containing wild-type DnaC gene, obtained as a gift from Dr Joan Kobori and Dr Arthur Kornberg of Stanford University, Palo Alto, CA, U.S.A. [28] . The amplified gene was inserted into a pET29b vector (Novagen Inc., Madison, WI, U.S.A.) under the control of a T7 promoter (pET29b-DnaC recombinant plasmid) and confirmed by DNA sequencing. DnaC was purified from E. coli BL21 (DE3) strain harbouring the pET29b-DnaC plasmid. E. coli cells were grown in 6-litre batches in 2YT medium [1.6 % (w/v) tryptone, 1 % (w/v) yeast extract, 0.5 % (w/v) NaCl] containing 50 µg/ml kanamycin at 37
• C to a D 600 of 0.4. At this point, IPTG (isopropyl β-D-thiogalactoside) was added to a final concentration of 0.1 mM. The cells were grown for an additional 4 h and then harvested by centrifugation at 7740 g (8000 rev./min) for 10 min. The cell pellet was resuspended in lysis buffer and frozen at − 80
• C. Cells were thawed on ice and lysed using 0.2 mg/ml lysozyme, 5 mM MgCl 2 , 2 mM spermidine, 250 mM NaCl and 5 mM DTT by incubating on ice for 60 min. This was followed by a 5 min incubation at 37
• C. The mixture was homogenized on ice followed by sonication. The resulting lysate was incubated, after increasing NaCl concentration to 750 mM, for 1 h on ice while shaking.
The lysate was centrifuged at 41 400 g (18 500 rev./min) for 30 min at 4
• C. The supernatant was precipitated using 0.26 g/ml ammonium sulphate for 2 h on ice followed by centrifugation at 41 400 g for 30 min. The protein was purified first by DEAESepharose chromatography (AP Biotech, Piscataway, NJ, U.S.A.). The protein was then purified by HPLC gel filtration using a preparative Bio-Rad TSK250 gel filtration column (1.6 cm × 60 cm stainless steel). Peak fractions were collected and concentrated using ultrafiltration ( Figure 1 ). Protein homogeneity was 99 %, as determined by SDS gel electrophoresis, and the concentration was determined by UV absorption at 280 nm (ε 280 = 2.3 × 10 5 M −1 · cm −1 ).
Steady-state fluorescence and anisotropy measurements
Fluorescence anisotropy measurements were performed on a custom-made photon-counting spectrofluorometer equipped with a 300 W Xenon arc lamp as power source, dual Hamamatsu R928P photo-multiplier tubes and computer controlled Glan-Thompson quartz polarizers. Excitation and emission slits were adjusted at 8 nm and 4 nm respectively. For fluorescein-labelled probes, the samples were excited at 488 nm and anisotropy was measured at 540 nm. Excitation and emission slits were adjusted at 8 nm and 4 nm respectively, for all anisotropy measurements. The temperature was adjusted to 20
• C, by the use of a thermostat attached to the cell chamber, unless otherwise indicated. Intensity was measured in triplicate for 10 s and averaged. Anisotropy, A, is defined as:
where I vv , I vh , I hv and I hh represent the fluorescence signal for excitation and emission with the polarizers set at (0
• ) respectively, and G is the instrument correction factor (≡ I hv /I hh ). The fluorescein-labelled oligonucleotide, oligo(dT) 25 was used as a probe. It was diluted in buffer B to a final concentration of 3.75 × 10 −9 M and titrated with DnaC ranging in concentration from 3.5 × 10 −8 to 7 × 10 −6 M. For all DNA-binding studies, samples were excited at 488 nm and anisotropy was measured at 540 nm where smallest variation in the total fluorescence intensity was observed. Fluorescence intensities were measured for 3 × 10 s and averaged. Anisotropy values were expressed as milli-anisotropy or mA, which is equal to the measured anisotropy multiplied by 1000. The standard deviation for anisotropy values was + − 2 mA.
For DnaB-DnaC interactions, 160 nM DnaBW48, DnaC protein at indicated concentrations, appropriate nucleotides (100 µM) and/or oligo(dT) 25 were assembled in 1 ml total volume in buffer B. The mixture was incubated at 20
• C for 5 min and anisotropy was measured for 10 s in triplicate at the same temperature. For measurements involving tryptophan anisotropy, the excitation wavelength was 295 nm and the emission wavelength was set to 330 nm. The anisotropy data were analysed as described in detail previously [36, 37, [41] [42] [43] using nonlinear regression analysis. The K d is defined as the protein concentration at which half of the sites are occupied when the ligand concentration is constant.
IAsys biosensor analysis of DnaC • oligo(dT) 30 binding DNA binding was performed using an IAsys affinity biosensor (Affinity Sensors, Cambridge, U.K.). Streptavidin-and biotinlabelled oligo(dT) 30 was immobilized on to a biotin cuvette according to manufacturer's instructions. The sensor chip was washed three times with 160 µl of PBS containing 0.05 % Tween 20 (PBST) and was allowed to equilibrate for 10 min. Baseline data were measured for a 3 min period. After the baseline had been established, 40 µl of a 2 mg/ml solution of streptavidin was added and binding was measured for 10 min. Next, the sensor chip was washed three times with 180 µl of PBST and 3 min of baseline was collected. Biotinylated oligo(dT) 30 was then added to the solution. Binding was allowed to occur for 5 min. The cuvette was then washed three times with PBST. Thereafter, the chip was ready to use in the DNA-binding studies described below.
Various amounts of DnaC in buffer B were pre-incubated in buffer B containing 50 mM NaCl for 5 min at 22
• C with nucleotide cofactors: 50 µM ATP, 50 µM ATP[S] or 50 µM ADP. Reactions were initiated by addition of pre-incubated DnaC protein to the cuvette and surface plasmon resonance response was recorded with a 5 s delay. In general, response data were collected for 5 min. After binding, DnaC was removed rapidly, the cuvette was washed with the binding buffer, and dissociation response was recorded for 3 min. The sensor chip was regenerated by the addition of 4 M NaCl for a 2 min period and then it was re-equilibrated with buffer B. Binding was analysed using the Fast fit software or PRISM 3.03 software from GraphPad Software for Science, San Diego, CA, U.S.A.
RESULTS
Escherichia coli DnaC protein binds to ssDNA with low affinity
We have shown previously that DnaC protein binds nucleotides by photo-crosslinking and demonstrated that it also binds ATP/ dATP in the DnaB • DnaC complex [9] . The question we seek to answer here is: does DnaC protein bind DNA and form a stable DnaC • DNA complex? All previous studies directed toward resolving the hypothesized intrinsic DNA binding by DnaC protein, using electrophoretic mobility-shift assay, photo-crosslinking etc., were ambiguous or negative, and pointed only to a cryptic DNA binding [17] . Therefore, we have carried out a detailed quantitative analysis of DNA binding by DnaC protein using highly sensitive fluorescence anisotropy measurements and affinity-sensor analysis to conclusively resolve this issue.
First, we examined the interactions of DnaC protein with 5 -fluorescein-labelled 25 nt single stranded oligo(dT) 25 [Floligo(dT) 25 ] at 23
• C and in buffer B containing 3.75 nM Fl-oligo(dT) 25 , 25 mM KCl and 5 mM Mg 2+ . The equilibrium DNA-binding by DnaC was measured by following increases in the anisotropy of the fluorescence of Fl-oligo(dT) 25 upon protein binding. Fluorescence anisotropy of Fl-oligo(dT) 25 was measured with titration of DnaC protein until a saturation in anisotropy was observed, the results are presented in Figure 2 . The anisotropy values at various DnaC protein concentrations were used to create a binding isotherm as a semi-log plot ( Figure 2 ). Analysis of the binding isotherm allowed determination of the thermodynamic parameters of DnaC-DNA binding [9, 36, 42, 44] . The fluorescence anisotropy of Fl-oligo(dT) 25 alone was 50 + − 4 milli anisotropy 
(mA) units. At low DnaC concentrations (< 1 × 10 −7 M), a small anisotropy change and a flat plateau (approx. 50 mA) was observed, which was attributed to the unbound or free Fl-oligo(dT) 25 [41] . Upon further titration of DnaC protein, the anisotropy value increased due to an increase in the DnaC • Fl-oligo(dT) 25 complex formation as shown in Figure 2 . In the presence of 50 µM ATP and 5 mM Mg 2+ , a sigmoidal binding isotherm with saturation binding at high DnaC protein concentration was observed. The maximum anisotropy of the complex was 185 mA units. Nonlinear regression analysis of the data computed the DnaC protein concentration at which 50 % of the ligand was in bound form (EC 50 ), which can be approximated to the apparent dissociation constant, K d [36, 41, 44] . The fluorescence-emission intensity did not change significantly with increase in DnaC concentration (results not shown). Therefore, the anisotropy measurement during data collection was not affected by a change in fluorescence lifetime or scattered excitation light [44] .
The binding of DnaC to DNA was relatively weak compared with other DNA-binding proteins such as DNA primase of E. coli [41] . However, these results clearly demonstrated the nucleotide dependence of DNA binding by DnaC protein. 25 complex in the absence of nucleotide was 2.2 × 10 −6 M ( Figure 2 , Table 1 ). The K d of the complex in the (Figure 2) . Thus, the dissociation constant decreased approx. 3-fold with ATP and increased approx. 17-fold with ADP, when compared with the dissociation constant in the absence of nucleotides. Therefore, DNA binding by DnaC appeared to be modulated approx. 79-fold by ATP and ADP as cofactors.
The effect of salt (ionic strength) was measured between 0 mM and 150 mM (results not shown). We observed saturation binding isotherms between 0-100 mM NaCl, although, the dissociation constant appeared to be lowest at 50 mM NaCl (results not shown). The dissociation constant increased with increase in ionic strength above 100 mM NaCl.
Temperature dependence and the thermodynamics of DNA binding
In order to delineate the thermodynamics of DnaC binding to DNA, we have analysed DNA binding as a function of temperature at 20
• C, 25
• C, 30
• C, and 37
• C. The binding isotherms for DnaC binding to Fl-oligo(dT) 25 are presented in Figure 3 (A).
Saturation of anisotropy plots for DNA binding was observed in this temperature range.
The binding isotherms were similar in nature at these temperatures; however, we observed an overall decrease in the anisotropy values of the free and bound oligonucleotides with increase in temperature. A similar decrease with temperature has been observed with oestrogen-receptor binding to oestrogenresponsive element and E. coli DNA primase binding to Floligo(dT) 25 [36, 41] . In both cases, the observed changes were attributed to a decrease in the viscosity with an increase in temperature. Therefore, the data were normalized for viscosity correction using the anisotropy values at 20
• C as standards in the case of Fl-oligo(dT) 25 (inset of Figure 3A) . The dissociation constants of the DnaC • Fl-oligo(dT) 25 complex decreased steadily with temperature between 20
• C and 37
• C ( Figure 3A) . The enthalpy change, derived from the van't Hoff plot (Figure 3B) , was 2.6 + − 0.7 kcal/mol (where 1 cal ≡ 4.184 J). The change in the entropy was found to be − 19 + − 2.3 cal/
• K per mol. Therefore, the association of DnaC with ssDNA appeared to be, in part, entropy driven.
Biosensor analysis of equilibrium DNA binding by DnaC protein
Equilibrium DNA binding was further analysed using an IAsys biosensor (Affinity Sensors Inc.). IAsys biosensor analysis has been used to study equilibrium protein-DNA and proteinprotein interactions by several laboratories [39, 40] . Synthetic 5 -biotinylated (dT) 30 oligonucleotides [biotin-oligo(dT) 30 ] were immobilized on the surface of a biotinylated biosensor chip using neutravidin (Pierce Biochemical Inc. Rockford, IL, U.S.A.). The biotin-coated biosensor surface was first saturated with a solution of neutravidin and the excess neutravidin was removed by repeated washing with buffer A. Biotin-oligo(dT) 30 The maximum extents of DNA binding at each DnaC concentration in the absence of nucleotides, and in the presence of 50 µm ATP or ADP, were calculated and the data were fitted to the Hill equation using FastFit software ( Figure 5) . The values for the association rate constant (k on ) were calculated for each data set. Linear regression analysis of the plots of k on versus the concentration of DnaC resulted in straight lines. The apparent association rate constants (k ass ) were determined from the slopes, while the apparent dissociation rate constants (k diss ) were obtained from the intercepts (Table 2) . K d as calculated by: Table 2) .
Parameters of DNA binding by DnaC
The extent and rate of DNA binding was evaluated at each DnaC concentration using the plots in Figures 4 and 5 . Binding parameters were calculated by using the FastFit program, and PRISM 3.03 program from GraphPad Software and the following equation (Table 2) .
R max is the maximum amount of response due to DnaC-DNA complex formation (the maximum extent of binding expressed 
Figure 5 Multiple DnaC proteins bind to a single oligonucleotide
The maximum extents of ssDNA binding at each DnaC concentration in the absence of nucleotides (ᮀ), in the presence of 50 µm ATP (᭺), or ADP (᭝) were calculated and the data were fitted to the Hill equation using FastFit software, as described in the Materials and methods section. The values for k on was calculated for each data set. A plot of k on versus the concentration of DnaC results in straight lines that were derived by linear-regression analysis. The apparent association rate constant (k ass ) was obtained from the slope of the line, while the apparent dissociation rate constant (k diss ) was obtained from the intercept. K d was calculated using the equation
in arc seconds), S is the free DnaC protein concentration and K d represents an apparent dissociation constant. S was calculated by subtracting the amount of protein-DNA complex from total DnaC protein concentration. The amount of protein-DNA complex was determined using the information supplied by the manufacturer; i.e., that the biotinylated cuvettes used in this study have a useable surface area of 16 mm 2 and 600 arc seconds of response corresponds to 1 ng macromolecules bound/mm 2 . The total amount of biotinylated oligo(dT) 30 bound to the chip was 98.3 fmoles, as determined from the initial binding response (results not shown). Maximum DnaC binding, B max , was determined by Fastfit analysis of the data. The B max values in the presence and absence of nucleotides are shown in Table 2 . The maximum binding of 541 fmoles of DnaC was observed in the presence of ATP. The association rate constant k on increased in the presence of ATP and decreased significantly in the presence of ADP. The dissociation constants were 0.29 µM (+ ATP), 13 µM (+ ADP), and 6.1 µM in the absence of nucleotides ( Table 2 ). In general, the results of the biosensor measurements appeared comparable with those from anisotropy analyses Biosensor analysis of DnaC binding to ssDNA, measured in either the presence (A) or absence (B) of ATP. Dissociation for both experiments were carried out with buffer alone or buffer containing ADP. In both cases, dissociation was significantly enhanced using buffer containing ADP.
( Table 1 ). The observed differences are relatively minor and could be due to the fact that the anisotropy measurements were direct equilibrium measurements, whereas biosensor measurements were strictly kinetic measurements. The dissociation constants in Table 2 were derived from the kinetic rates.
We have analysed the kinetic effects of ADP on the dissociation of DnaC • oligo(dT) 30 complex. The results are presented in Figure 6 . In the absence of ATP, DnaC formed a complex with oligo(dT) 30 . In the absence of ATP, the extent of binding of DnaC to oligo(dT) 30 was lower than that observed in the presence of ATP (Figures 6A and 6B) . DnaC dissociates normally upon removal of excess DnaC using binding buffer. However, this complex appeared to dissociate more rapidly than that observed in the absence of ADP ( Figure 6A ). In the presence of ATP, a stable DnaC • oligo(dT) 30 complex was formed, which dissociated much slower upon removal of free DnaC than that observed in the absence of ATP ( Figure 6B ). However, in the presence of ADP, the dissociation rate of the DnaC • oligo(dT) 30 complex was enhanced. In both cases, these results indicated that ADP enhanced the rate of dissociation of DnaC • oligo(dT) 30 complex as well as the ATP • DnaC • oligo(dT) 30 ternary complex.
Stoichiometry of the DnaC • DNA complex
Fluorescence anisotropy studies (Figure 2 ) indicated that the anisotropy maximum, determined by nonlinear regression of the data, for the DnaC • DNA complex at saturating DnaC concentration and 50 µM ATP was approx. 200 mA. DnaC protein has a molecular mass of 29 kDa. The high anisotropy value of 200 mA with a small protein such as DnaC was unlikely due to a monomer or dimer binding to the Fl-oligo(dT) 25 . For example, E. coli DnaG primase dimer (130 kDa) binding to Fl-oligo(dT) 25 leads to an anisotropy of approx. 125 mA [41] and that of E. coli DnaB hexamer (310 kDa) binding to Fl-oligo(dT) 25 leads to an anisotropy of approx. 230 mA (S. B. Biswas, unpublished work). Although, a quantitative correlation between size and anisotropy is difficult, it is apparent that a large number (approx. 5-10 protomers) of DnaC protein molecules can bind to a single Floligo(dT) 25 . Incidentally, multiple DnaC protein binding to a short ssDNA, parallels binding observed with other initiator proteins, for example, multiple protomers of DnaA protein, another E. coli replication initiator protein as well as an ATP/ADP switch, bind to the origin of DNA replication at oriC [3, 6] .
Quantification based on the B max of 589 + − 75 arc seconds, derived from the affinity sensor analysis, indicated that the number of molecules of DnaC bound per molecule of oligo(dT) 30 was 5.5 + − 0.7 ( Table 2 ). Assuming that DnaC probably bound DNA at a minimum as a dimer, it is possible that either three DnaC dimers or one quasi-hexamer of DnaC, bound a single DNA molecule. Thus, the results of biosensor measurements presented here correlated well with the results of anisotropy studies, as described above, and both point to the fact that multiple DnaC protomers bind a single DNA molecule, at least, in the presence of ATP.
Nucleotides and DNA modulate DnaB -DnaC protein interaction
The tryptophan residues are highly fluorescent internal probes in protein and these residues can function as unique internal reporters. We have examined the utilization of tryptophan fluorescence anisotropy to measure protein-protein interactions involving DnaB and DnaC proteins. We have studied the DnaBDnaC interactions using a single-tryptophan mutant of DnaB (DnaBW48) where the other two native tryptophan residues (294 and 456) were mutated to Cys residues by in vitro mutagenesis, as described previously [45] and wild-type DnaC protein.
We observed that total tryptophan anisotropy increases upon titration of DnaBW48 with DnaC protein. We have utilized this phenomenon to determine the apparent dissociation constant of DnaB 6
• DnaC 6 complex formation and to evaluate the probable roles of nucleotides and ssDNA.
The DnaB • DnaC complex formation was monitored by measuring anisotropy changes of the intrinsic tryptophan fluorescence of DnaB protein and titration with wild-type DnaC protein. The tryptophan fluorescence anisotropy of DnaB 6 was 130 mA and that of DnaC was 60 mA using 295 nm excitation wavelength (results not shown). First, anisotropy measurements clearly indicated that DnaB • DnaC complex could form in the complete absence of nucleotides (Figure 7) . The binding isotherm was sigmoidal and saturable in the concentration range measured. The apparent dissociation constant was 3.5 × 10 −7 M (Table 3) . Next, we examined the effects of various adenine nucleotides to determine their modulatory effects on the complex formation. In the presence of ATP, ADP or ATP[S], the DnaB • DnaC complex formation was inhibited ( Figure 7 , Table 3 ). The extent of inhibition ranged from 3-to 10-fold. The modulation of the DnaB • DnaC complex formation by adenine nucleotides was 
Cofactors in DnaB 6
• DnaC 6 complex formation K d, apparent (M)
remarkably different in the presence of oligo(dT) 25 ( Figure 8 ). The DnaB • DnaC complex dissociation constant was 260 nM in the presence of ATP and oligo(dT) 25 whereas, the K d increased 15-fold to 3.9 µM in the presence of ADP and oligo(dT) 25 ( Figure 8 , Table 3 ). Therefore, similar to DNA binding by DnaC, the [DnaB • DnaC] 6 complex formation is also regulated by the nucleotides. Taken together, the conformations of DnaC protein associated with ATP and ADP forms are probably responsible for the 'on' (bound) or 'off' (dissociated) states of DnaC protein which affects similarly DNA and DnaB binding. In order to establish ssDNA binding, as well as its mechanism and modulation by cofactors, we have employed two highly sensitive methods of analysing equilibrium DNA binding: fluorescence anisotropy and affinity sensor analysis. DnaC protein, like many other members of the DNA-replication-initiator protein family, is an AAA+ ATPase [46] . Other members, such as DnaA protein of E. coli, origin recognition complex (ORC) protein subunits, and cdc6 of Saccharomyces cerevisiae, have varying degrees of ssDNA-binding abilities that are related to their highly specific roles in the initiation of DNA replication [24, [47] [48] [49] [50] [51] . In many DNA-replication proteins that are involved in more extended roles in DNA replication, such as E. coli SSB (single-stranded DNA-binding protein), eukaryotic replication protein A etc., ssDNA binding is usually of high affinity [52] . The initiator proteins function in a transient manner in highly specific replicative roles; therefore, high affinity DNA binding is not a necessary prerequisite for replication initiator proteins. Fluorescence-anisotropy analysis of ssDNA binding by DnaC protein indicated that DnaC protein bound DNA with low to moderate affinities (Figure 2 ). Most importantly, the DNAbinding affinity was significantly modulated by the nucleotides. It bound DNA in the complete absence of any nucleotide. However, an optimal ssDNA binding was observed in the presence of ATP and not ATP [S] or ADP, as cofactors. The DNA-binding affinity decreased 50-fold when ATP was replaced with ADP. Differences in the conformations of DnaC • ATP and DnaC • ADP have recently been described, which would likely play a role in the observed differences in the binding affinities [53] . The affinitysensor analysis of ssDNA binding produced results that mirrored the results of anisotropy analysis (Figures 5 and 6 ). 
Mechanism of DnaB • DnaC complex formation
DnaB helicase appears to interact with a number of other initiator proteins including DnaC, DnaG, DnaA, λP proteins [9, 16, 24, 31, 41, 54] . Each of these interactions has a very specific role in the DNA replication. The DnaB • DnaC complex formation is pivotal to understanding the function of DnaC protein in E. coli chromosomal DNA replication. Kobori and Kornberg [31] first demonstrated the formation of an isolatable complex of DnaC protein with DnaB helicase. The stoichiometry of the complex is six DnaC monomers to one DnaB hexamer leading to a DnaB 6
• DnaC 6 complex. This report describes the complex dynamics of DnaB and DnaC interaction in the presence of a host of cofactors that are present during initiation of replication in oriC, such as various nucleotides and DNA. The mechanism of interaction of DnaB and DnaC is also fundamental in deciphering the DnaC-assisted recruitment of DnaB to the open complex at oriC. Affinity-sensor analysis of DNA binding to DnaC indicated that approximately six monomers of DnaC bound to a single (dT) 30 molecule. The open complex at oriC, therefore, could be bound by multiple monomers or dimers of DnaC proteins. Therefore, we sought to analyse various modes of DnaB 6 • DnaC 6 complex formation in the presence of various complexes of DnaC with different combinations of ATP, ADP, and DNA.
This report demonstrates that in the complete absence of nucleotides and DNA, DnaC and DnaB form the DnaB 6
• DnaC 6 complex with an apparent dissociation constant of 3.5 × 10 −7 M. However, this situation is possible only in an in vitro system and it is not possible at or near an active replication fork in vivo due to the presence of both ATP and ADP. Therefore, the formation of the DnaB 6 • DnaC 6 complex will be modulated by the cofactors such as nucleotides and DNA. The results presented here demonstrate that individually ATP, ADP, ATP [S] , and oligo(dT) 25 inhibited the [DnaB • DnaC] 6 complex formation to a varying degree (Table 3 , Figures 7 and 8) . It was inhibited approximately 3-fold with ADP and 5-fold with ATP. A 4-fold inhibition was observed with oligo(dT) 25 alone. However, during DnaC mediated recruitment of DnaB to the open complex at oriC, the DnaB 6
• DnaC 6 complex formation would take place in the presence of ssDNA and nucleotides. Therefore, we examined the complex formation in the presence of oligo(dT) 25 + ATP and oligo(dT) 25 + ADP. Results of these studies demonstrate that the complex formation is significantly modulated by nucleotides (Table 3, Figure 8 ). In the presence of oligo(dT) 25 and ATP, the dissociation constant was 2.6 × 10 −7 M and it increased to 39 × 10 −7 M in the presence of oligo(dT) 25 and ADP. The change in the equilibrium constant was 15-fold. Therefore, there will be a rapid and facile dissociation of the complex. However, the DnaB helicase forms a hexameric ring around the DNA, which is stable and therefore, would remain bound to the DNA. Consequently, the net result of hydrolysis of ATP to ADP in the [ATP • DnaB 6
• DnaC 6
• DNA] in oriC open complex would likely be the formation of the DnaB 6 • DNA, and the DnaC • ADP complex.
DnaC-assisted DnaB transfer to the oriC open complex and activation of the DNA helicase
DnaC protein binds to DnaB 6 hexamer in the N-terminal α domain as a trimer of three dimers [30] . Recent conformational analysis of DnaB protein, in complex with various substrates, indicates that the α domain appear to undergo major conformational changes during its catalytic cycle [45] . Electron microscopic studies clearly demonstrated the organization of the [DnaB • DnaC] 6 complex. The complex is a ring of three DnaC dimers attached to the N-terminal α-domain face of the DnaB hexamer ring [30] . Therefore, in addition to inhibition of the ATPase activity of DnaB, DnaC may also block any conformational changes during the catalytic cycle of DnaB and thereby preventing the helicase function of DnaB.
The results of these studies are summarized in Figure 9 . We have proposed here two possible avenues for the formation of [ATP • DnaB 6
• DNA] complex. One is through the formation of [DnaB • DnaC] 6 complex followed by DNA binding in the presence of ATP and the other is through the formation of [ATP • DnaC n
• ssDNA] complex and then assembly of DnaB 6 hexamer to the complex. Based on the thermodynamic data provided in this study, we propose the following mechanism of DnaB loading on to ssDNA by DnaC protein: (i) DnaC forms an apparent hexamer around the ssDNA to form [ATP • DnaC 6
• ssDNA]. • ssDNA • DnaB 6 ] complex is formed and ATP is hydrolyzed to ADP, the complex dissociates leaving the DnaB hexamer as a hexameric ring around the ssDNA triggering the DNA-dependent ATPase of DnaB as well as the DNA helicase function. The complex, DnaB 6 • ssDNA is stable because of the lack of energy that is required to pry open DnaB • DnaB interface and sliding out the ssDNA.
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Velten et al. [33] , demonstrated that in B. subtilis the corresponding DNA helicase is monomeric, forms a hexamer and is loaded on to the DNA by two helicase loaders, one monomeric like DnaC of E. coli and a second hexameric protein. In E. coli, the DnaB helicase is a stable hexamer and, therefore, may require a more rigorous loading mechanism involving transient ring opening. Consequently, the formation of a hexameric ring structure around the single-stranded DNA by DnaC monomers is required to facilitate transient ring opening, as well as loading, of the DnaB helicase according to the proposed mechanism. It is becoming apparent that hexameric helicases, as well as monomeric helicases that form hexamers, in different organisms have a number of different mechanisms for DNA helicase loading. The mechanism for DnaB helicase proposed here is one of them.
